Organometallic pyridocarbazole scaffolds are investigated as protein kinase inhibitors. Whereas our previous designs employed solely a maleimide pharmacophore for achieving the two crucial canonical hydrogen bonds to the hinge region of the ATP binding site, we have now extended our investigations to include the related lactam metallo-pyridocarbazoles. The synthetic access of the two regioisomeric lactam pyridocarbazoles is described, and the distinct biological properties of the two lactam scaffolds are revealed by employing a ruthenium half sandwich complex as a model system, resulting in organometallic lead structures for the inhibition of the protein kinases TrkA and CLK2. These new lactam metallo-pyridocarbazoles expand our existing molecular toolbox and assist toward the generation of metal complex scaffolds as lead structures for the design of selective inhibitors for numerous kinases of the human kinome.
Introduction
Recently, our group has initiated a research program that aims at exploring the versatility of organometallic complexes as structural scaffolds for the design of enzyme inhibitors. Unlike traditional applications for metals in medicine, we envisioned that substitutionally inert transition metals could act as a scaffold to organize organic ligands in three-dimensional space. As a proof-of-principle, we chose kinases as our main targets and started by morphing the indolocarbazole natural product class and synthetic derivatives thereof into 1 On the basis of this scaffold, we have reported over the past 5 years organometallic inhibitors for the kinases GSK3, [2] [3] [4] [5] [6] [7] Pim1, 4,6,8 MSK1, 4 PAK1, 9 and PI3K. 10 Multiple co-crystal structures of metal complexes bound to the ATP binding sites of kinases are deposited in the Protein Databank (e.g., 2BZH, 2BZI, 2OI4, 2BZJ, 2IWI, 3CST, 3BWF, 3FXZ), all of them confirming that the metal exerts a purely structural role and is not in direct contact with any residue in the active site. [7] [8] [9] [10] [11] Some of the published inhibitors belong to the most potent and selective compounds known for their respective kinases, and we hypothesize that this is caused at least in part by the combination of the globular shape and rigidity of these scaffolds.
To date, all published MPC complexes contain the maleimide pharmacophore MPC-a, whereas the indolocarbazole alkaloids staurosporine and K252a, among others, possess a lactam moiety instead (Figure 1 ). 12 The lactam or imide is essential for the binding to most kinases, as they both can undergo two key hydrogen bonds with the hinge region of the ATP binding site. However, at the same time it is known that certain kinases prefer the one pharmacophore over the other. Thus, in order to expand the versatility and generality of our MPC scaffold for the design of selective kinase inhibitors, we were seeking synthetic access of the two regioisomeric lactam pyridocarbazole complexes MPC-b and MPC-c ( Figure 1 ). We here now report our progress into this direction and disclose the synthesis of lactam ruthenium complexes 1 and 2 (Figure 2 ). In fact, it turns out that lactam complexes 1 and 2 and the previously reported maleimide complex 3 differ significantly in their kinase selectivity profiles. For example, whereas maleimide 3 is a promising lead structure for developing selective inhibitors for GSK3 and Pim1, 3,5-8 lactam 1 constitutes a lead structure for TrkA, and lactam 2 is a potential starting point for CLK2 inhibitor design.
Results and Discussion
Synthesis. A retrosynthetic analysis of the ruthenium complexes 1 and 2 is shown in Scheme 1. The complexes 1 and 2 are accessed from the ruthenium half sandwich complex 4 and the triisopropylsilyl (TIPS)-protected lactam pyridocarbazoles 5 and 6, respectively. Both lactams 5 and 6 can be synthesized in two consecutive reduction steps starting with the imide pyridocarbazole 7. Heterocycle 7 FIGURE 1. Indolocarbazole natural products and derivatives as an inspiration for metallo-pyridocarbazoles as protein kinase inhibitors. itself can be assembled from three easily accessible building blocks (8-10) in a series of six linear steps that include three C-C bond formation reactions. 13, 14 The synthesis of imide pyridocarbazole 7 is outlined in Scheme 2. Suzuki-Miyaura cross-coupling of boronic acid 8 with R-halogenated pyridine 9 furnished the desired 2-pyridin-2-yl-1H-indole with the Boc protection group partially removed. Unable to completely separate the two compounds, the purified mixture was adsorbed onto silica gel and heated under high vacuum to completely remove the Boc group to afford the 2-pyridin-2-yl-1H-indole 11 in 83% over two steps. Alternatively, the potassium trifluoroborate analogue of indole 8 could also be used for this transformation. 13, 15, 16 Before conducting the next two C-C bond formation reactions, the benzyl-protection group was first exchanged for a TIPS group in order to render the scaffold more soluble in organic solvents. This was accomplished by hydogenolysis with H 2 , Pd/C furnishing the phenol derivative 12 (71%), followed by treatment with TIPS triflate in the presence of the base di(isopropyl)ethylamine to afford the TIPS-protected pyridoindole 13 (88%). 2-Pyridin-2-yl-1H-indole 13 was deprotonated with LiHMDS and reacted with dibromomaleimide 10 to afford monobromide 14 in 82% yield. The final C-C bond could then be installed by a photocyclization of 14 in toluene with a medium pressure Hg lamp using an uranium filter (50% transmission at 350 nm) to provide pyridocarbozole 7 (83%). In summary, the bis-silyl protected ligand 7 was prepared in a total of six steps in an overall yield of 35%.
The first of two reduction steps conducted on the imide pyridocarbazole 7 is shown in Scheme 3. Two equivalents of NaBH 4 were added at 0°C each hour for a total of eight hours, followed by warming to room temperature to furnish regioisomeric products 15 and 16 in a ratio of 3:1 in a combined yield of 84%. Slow addition of the reducing agent at low temperature is critical, preventing the loss of the tertbutyldimethylsilyl (TBS) protection group. Migration of the TBS group to the newly formed sp 3 oxygen atom retains the TBS group required for the solubility of the compounds in organic solvents and the successful separation of the two regioisomers using column chromatography.
The constitutions of the two regioisomeric lactams 15 and 16 were assigned by rotational frame nuclear Overhauser effect spectroscopy (ROESY) analysis of both regioisomers 15 and 16 (Figure 3 ). We were initially surprised by the observed regioselectivity because we expected the reaction to occur primarily at the more electrophilic carbonyl group a of heterocycle 7 (Scheme 3). 17, 18 This carbonyl group is directly conjugated to the electron poor pyridine, unlike the carbonyl b, which is directly conjugated to the electron rich indole. Additionally, we suspected that nucleophilic attack of carbon center b would be more hindered as a result of the hydride approaching from the same side as the bulky TIPS group.
19-21 However, a likely explanation for this observed result could be the difference in the transition state energies, with migration of the TBS group preferring the more electron rich oxygen atom conjugated to the indole.
Transformation of heterocycles 15 and 16 to their corresponding lactams is outlined in Scheme 3. First, the TBS group of 15 was replaced by an ethyl group through treatment with 0.1% ethanol in the presence of 10% TFA to SCHEME 1. Retrosynthetic Analysis of Lactam Pyridocarbazole Complexes 1 and 2 SCHEME 2. Synthesis of Maleimide Pyridocarbazole 7 a a Reaction conditions: first, 1.1 equiv of 8, 1.0 equiv of 9, 0.1 equiv of Pd(0) catalyst, 2.75 equiv of Na 2 CO 3 , DME/H 2 O, reflux, overnight; then 10:1 mass ratio silica gel/indole, high vacuum, 80°C, overnight. Introduction of the ruthenium half sandwich fragment using both lactam ligands 5 and 6 is shown in Scheme 4. Unable to optimize the coordination step using regular heating with an oil bath, we were pleased to discover that the complexation proceeds very smoothly under microwave irradiation. Lactams 5 and 6 were each reacted with ruthenium precursor 4 in the presence of K 2 CO 3 in anhydrous DMF at 80°C. After only 10 min, both reactions were complete as judged by thin layer chromatography. After column chromatography, TIPS-protected ruthenium complexes 19 and 20 were isolated in high yields of 79% and 87%, respectively. Lactam inhibitor complexes 1 and 2 were then prepared by careful treatment with tetrabutylammonium fluoride (TBAF) (76% and 71%, respectively). It should be noted that lactam ruthenium complexes 20 and 2, in contrast to 19 and 1, are slightly air-sensitive, slowly oxidizing to their corresponding imide analogues if left in solution for long periods of time. Also, this process is accelerated in the presence of base. Therefore, it is critical to thoroughly purge both reactions 6 f 20 and 20 f 2 with inert gas. Furthermore, as a precaution, DMSO stock solutions of ruthenium complex 2 were purged with nitrogen and stored frozen at -20°C until assayed for activity.
Kinase Inhibition. To identify similarities and differences between the new lactam half sandwich complexes 1 and 2 compared to the imide compound 3, racemic mixtures of complexes 1-3 were screened at one concentration against a panel of 253 human kinases (Millipore KinaseProfiler). 24 As expected, the racemic mixture of maleimide 3 displayed high potencies for GSK3 (R-isoform: 0% activity at 30 nM, 10 μM ATP) and Pim1 and Pim2 (1% and -1% activity at 30 nM, respectively, 10 μM ATP), whereas most other protein kinases were not inhibited to a significant degree (see Supporting Information). In contrast, lactams 1 and 2 displayed only very moderate inhibition of GSK3 with activities above 40% at concentrations of 100 nM (10 μM ATP). Furthermore, under the conditions of the screening (100 nM compound, 10 μM ATP), lactam 1 demonstrated a surprising selectivity for just very few kinases (Flt3(D835Y), MLCK, Pim1, and TrkA), whereas lactam 2 showed highest inhibitory activity against the protein kinases CLK2, PKG1β, and Pim1 (1%, 2%, and 2% remaining activities at 100 nM of 2, 10 μM ATP, respectively; see Supporting Information).
To investigate the inhibition of TrkA and CLK2 in more detail, the racemic half sandwich complexes 1-3 were first resolved into their individual enantiomers. The chiral separation of imide 3 has been reported recently, 8 and the chiral separation of lactam ruthenium complexes 1 and 2 was accomplished by resolving the individual enantiomers of their TIPS-protected half sandwich analogues 19 and 20, with the TIPS group serving as a handle to increase solubility in organic solvents. The resolution of 10 mg of each enantiomer of TIPS-protected complexes 19 and 20 was achieved using an analytical HPLC chiral column, and subsequently all four stereoisomers were treated separately with TBAF and purified over column chromatography. Assignment of the absolute configuration for each enantiomer for both complexes was achieved by comparing individual CD spectra with known reference compounds (see Supporting Information). Table 1 displays the IC 50 values of the individual enantiomers of 1-3 against Pim1, GSK3β, TrkA, and CLK2. The data demonstrate that by simply removing one carbonyl group of imide 3 a profound influence on the potency and selectivity of the half sandwich scaffold is achieved. As reported recently, (R Ru )-3 and some derivatives show a high selectivity for GSK3 and Pim1, whereas the enantiomer (S Ru )-3 is a very selective inhibitor of Pim1.
5-8 However, replacing one carbonyl group by a methylene group of the Pim1 inhibitor lead structure (S Ru )-3 (IC 50 = 0.2 nM) reduces the binding affinities for Pim1 by the factors of 200 and 30 for the lactam complexes (S Ru )-1 and (S Ru )-2, respectively. Even more pronounced, replacing the imide group for a lactam in the GSK3 inhibitor lead structure (R Ru )-3 (IC 50 = 1.0 nM) reduces the binding affinities for GSK3β by factors of 330 and 1000, for the complexes (R Ru )-1 and (R Ru )-2, respectively.
This dramatic loss in binding affinities of (R Ru )-3 for GSK3 by removing a single carbonyl group can be rationalized with the help of a recently solved crystal structure of a related ruthenium half sandwich complex with GSK3β. Thus, having eliminated the intrinsic preference of the half sandwich scaffold for GSK3 and Pim1 by transforming the imide group of 3 into lactam moieties, the individual enantiomers of complexes 1 and 2 can now be used as lead structures for other kinases. In fact, Table 1 demonstrates that the enantiomer (R Ru )-1 displays a significant selectivity for TrkA over Pim1 (4-fold) and GSK3β (16.5-fold) and is therefore a promising lead structure for the development of further improved inhibitors of protein kinase TrkA, whereas (S Ru )-2 displays an IC 50 of just 5 nM (100 μM ATP) against CLK2, thus serving as a lead structure for the development of CLK2 inhibitors.
Improved Inhibitor for Protein Kinase TrkA. To verify that the obtained lactam complexes are indeed promising lead structures for the design of organometallic complexes as inhibitors for protein kinases different from Pim1 or GSK3, we decided to use (R Ru )-1 as a starting point for the proof-of-principle design of a more potent and selective inhibitor for TrkA. From previous structure activity relationships with organoruthenium half sandwich complexes, 5,13,14 we envisioned that the complex (R Ru )-21, differing from complex (R Ru )-1 by a fused benzene ring at the pyridine moiety and a methylester at the cyclopentadienyl ring, might be an improved inhibitor for TrkA with a diminished affinity for Pim1. The synthesis of racemic 21 is summarized in Scheme 5. Starting with 5-(triisopropylsilyloxy)indole 22, Bocprotection afforded 23 (98%), which was subsequently converted to the stable trifluoroborate 24 (55%). SuzukiMiyaura cross-coupling of 24 with triflate 25 in refluxing anhydrous THF furnished 2-isoquinolin-3-yl-1H-indole 26 (78%) with complete loss of the Boc group. Next, isoquinolinyl-indole 26 was deprotonated with LiHMDS and condensed with dibromomaleimide 10 to afford the rather unstable monobromide 27 (79%). The final C-C bond could then be installed by a photocyclization in toluene with a medium pressure Hg lamp using a uranium filter to provide heterocycle 28 in a yield of 86%. Next, 28 was converted to the lactam 29 in a yield of 47% by first treatment with NaBH 4 , followed by EtOH with 0.1% TFA, and subsequently PhSeH in the presence of 2 equiv of TFA. The lactam ligand 29 was reacted with ruthenium half sandwich complex 30 in the presence of K 2 CO 3 in anhydrous DMF at 80°C under microwave irradiation. After 10 min and column chromatography, TIPS-protected JOCArticle ruthenium complex 31 was isolated in a yield of 54%. Finally, treatment of 31 with TBAF at 0°C afforded the ruthenium complex 21 (66%) and the racemic mixture of 21 was resolved into its enantiomers at this final stage using an analytical chiral HPLC column. The absolute configuration for both enantiomers was assigned by comparison of CD spectra with known reference compounds (see Supporting Information).
IC 50 values of (R Ru )-21 at 100 μM ATP against TrkA, GSK3β, and Pim1 are presented in Table 1 . Gratifyingly, (R Ru )-21 shows a significantly improved potency and selectivity compared to the initial lead structure (R Ru )-1. With an IC 50 value of 6 nM for TrkA, (R Ru )-21 prefers binding to TrkA over Pim1 by a factor of 65 (IC 50 = 390 nM) and even a factor of 200 over GSK3β (IC 50 = 1200 nM). Thus, (R Ru )-21 displays high selectivity over Pim1 and GSK3 and probably most other protein kinases. In fact, a screening of complex (R Ru )-21 against a panel of human wild-type protein kinases demonstrates the excellent selectivity profile of (R Ru )-21 ( Figure 5 ). From 229 tested protein kinases, 200 remained more than 50% active at a concentration of 100 nM of (R Ru )-21 (10 μM ATP), and only three kinases, including TrkA and TrkB, displayed activities below 10% under these conditions. Thus, it can be concluded that (R Ru )-21 constitutes a highly selective molecular probe for the protein kinase TrkA. 
Conclusions
We have here reported synthetic access to the class of lactam metallo-pyridocarbazoles MPC-b and MPC-c, thus complementing the previously developed imide metallopyridocarbazole scaffold MPC-a and therefore expanding our toolbox of using metallo-pyridocarbazoles as general scaffolds for the design of selective kinase inhibitors. The distinct properties of the lactam scaffolds have been demonstrated by using the half sandwich complex 3 as a model system. By replacing the imide pharmacophore of 3 for the lactam moieties in 1 and 2, we have changed the selectivity profile from GSK3/Pim1 selectivity of (R Ru )-3 and Pim1 selectivity of (S Ru )-3 to TrkA selectivity of (R Ru )-1 and CLK2 selectivity of (S Ru )-2. These lactam metallo-pyridocarbazoles will serve as scaffolds for the design of protein kinase inhibitors with new selectivity profiles as has been demonstrated with the TrkAselective organoruthenium complex (R Ru )-21.
Experimental Section
All reactions were carried out using oven-dried glassware and conducted under a positive pressure of nitrogen unless otherwise specified. NMR spectra were recorded on an Avance 300 (300 MHz), DRX-400 (400 MHz), or DRX-500 (500 MHz) spectrometer. ROESY experiments were recorded on a Bruker Avance 600 MHz spectrometer. Infrared spectra were recorded on either a Bruker Alpha FTIR or Nicolet 510 FTIR spectrometer. High resolution mass spectra were obtained with a Finnigan LTQ-FT instrument using either APCI or ESI. Reagents and solvents were used as received from standard suppliers unless otherwise specified. CD spectra were recorded on a JASCO J-810 spectropolarimeter. Ruthenium complexes 4 and 30 were prepared as previously reported.
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Compound 11. A biphasic suspension of pyridine 9 (0.87 mL, 9.1 mmol), indole 8 (3.67 g, 10.0 mmol), tetrakis(triphenylphosphine)palladium(0) (1.05 g, 0.91 mmol), and Na 2 CO 3 (2.65 g, 25.0 mmol) in 1,2-dimethoxyethane (39 mL) and water (11 mL) was purged with nitrogen for 15 min and then refluxed overnight. The resulting orange reaction mixture was cooled to room temperature, diluted with water, and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and chromatographed using hexanes/EtOAc (8:1 to 1:1). The combined product eluents were isolated as a mixture of a Boc-protected 2-pyridin-2-yl-1H-indole and compound 11. The resulting orange solid (2.82 g) was dissolved into EtOAc and adsorbed onto silica gel (28.2 g) using rotary evaporation. The powder was heated to 80°C overnight under high vacuum. The silica gel was cooled to room temperature, filtered through cotton with CH 2 Cl 2 /MeOH (15:1) and the filtrate dried in vacuo to provide 2-pyridin-2-yl-1H-indole 11 (2.27 g, 83% over 2 steps) as a yellow solid. 
A suspension of 2-pyridin-2-yl-1H-indole 11 (2.14 g, 7.13 mmol) in ethanol (98 mL) was purged with nitrogen for 15 min. Following thorough nitrogen purge, palladium (10 wt % on activated carbon, dry) (2.14 g) was added, and the reaction mixture was carefully purged with hydrogen gas for approximately 10 min. The reaction mixture was then stirred at room temperature under an atmosphere of hydrogen, monitoring by thin layer chromatography. After 2 h, the resulting dark reaction mixture was filtered through Celite with CH 2 Cl 2 / MeOH (10:1), and the filtrate was concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (1:1). The combined product eluents were dried in vacuo to provide the 2-pyridin-2-yl-1H-indole 12 (1.07 g, 71%) as an off-white solid.
1 H NMR consistent with literature reported spectrum.
3
Compound 13. A solution of 2-pyridin-2-yl-1H-indole 12 (1.07 g, 5.10 mmol) in DMF (18.3 mL) was cooled to 0°C, and N,Ndiisopropylethylamine (4.50 mL, 25.5 mmol) was added dropwise. After stirring for 10 min at 0°C, triisopropylsilyl trifluoromethanesulfonate (1.44 mL, 5.36 mmol) was added dropwise over 15 min, and the reaction mixture was stirred at room temperature for an additional 1 h. The resulting yellow solution was cooled to 0°C, and excess 1 M NH 4 OAc was carefully added. The mixture was then further diluted with water and extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with CH 2 Cl 2 /MeOH (100:1). The combined product eluents were dried in vacuo to provide the 2-pyridin-2-yl-1H-indole 13 (1.65 g, 88%) as a white solid. A solution of high-vacuum-dried 2-pyridin-2-yl-1H-indole 13 (1.55 g, 4.23 mmol) in freshly distilled THF (11 mL) was cooled to -15°C. Lithium bis(trimethylsilyl)amide (1 M solution in hexanes) (12.7 mL, 12.7 mmol) was added dropwise over 15 min, and the resulting orange reaction mixture was stirred at -15°C for an additional 45 min. A solution of vacuum-dried 10 (1.64 g, 4.44 mmol) in freshly distilled THF 
The resulting dark purple reaction mixture was carefully poured into stirring ice cold water (300 mL) and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (6:1 to 3:1). The combined product eluents were dried in vacuo to provide monobromide 14 (2.25 g, 82%) as an orange solid. 
Compound 7. An orange suspension of monobromide 14 (1.10 g, 1.68 mmol) in toluene (250 mL) was irradiated with a medium pressure Hg lamp using a uranium filter (50% transmission at 350 nm) for 6 h with constant nitrogen flow through the reaction mixture. The resulting red solution was concentrated, and the reaction was repeated using an additional 1.10 g (1.68 mmol) of 14. Once combined, the red solution was concentrated to dryness in vacuo, adsorbed onto silica gel, and subjected to silica gel chromatography with hexanes/EtOAc (6:1 to 1:1). The combined product eluents were dried in vacuo to provide pyridocarbazole 7 (1.60 g, 83%) as a yellow solid. (510 mg, 0.890 mmol) in THF-EtOH (1:1) (51 mL) was cooled to 0°C. Sodium borohydride (68 mg, 1.79 mmol) was added every hour for a total of 8 h, and the stirred reaction mixture was then allowed to naturally warm to room temperature overnight. The resulting yellow reaction mixture was again cooled to 0°C, carefully quenched with addition of saturated aqueous NH 4 Cl, and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (6:1 to 3:1). The combined product eluents were dried in vacuo to individually provide pure 15 (320 mg, 63%) and 16 (110 mg, 21%). The constitutions of 15 and 16 were assigned by ROESY analysis (see Figure 3 ).
Compound 15. (23.4 mL) containing 0.1% ethanol was cooled to 0°C. Trifluoroacetic acid (2.6 mL) was then carefully added, and the resulting orange solution was stirred at 0°C for 10 min. The reaction mixture was then carefully quenched with addition of saturated aqueous NaHCO 3 and extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo to provide 17 (220 mg, 99%) as a light yellow solid. See Supporting Information for a ROESY analysis. (3.6 mL) containing 0.1% ethanol was cooled to 0°C. Trifluoroacetic acid (0.9 mL) was then carefully added, and the resulting orange solution was allowed to naturally warm to room temperature, stirring for a total of 3 h. Following thin layer chromatography analysis, the reaction mixture was purged with nitrogen for approximately 15 min. Phenylselenol (34 μL, 0.312 mmol) was then added, and the reaction was heated to Pagano et al.
reflux overnight. The reaction mixture was then cooled to room temperature and carefully quenched with addition of saturated aqueous NaHCO 3 . The CH 2 Cl 2 was then removed in vacuo, and the resulting yellow precipitate was collected and washed twice with water, followed by diethyl ether (2Â) to provide lactam 6 (32 mg, 94% over 2 steps) as a white solid. 26 (21 mg, 0.050 mmol), and K 2 CO 3 (7.0 mg, 0.050 mmol) was added freshly distilled DMF (2.0 mL), and the resulting suspension was purged with nitrogen for approximately 10 min. The reaction mixture was then heated to 80°C for 10 min in a microwave reactor (CEM Discover). The resulting dark red solution was concentrated using high vacuum and coevaporated once with EtOAc. The crude material was subjected to silica gel chromatography with toluene:acetone (3:1). The combined product eluents were dried in vacuo to provide complex 19 (23 mg, 79%) as an orange film. 
þ 640.1561. Compound 20. To a vacuum-dried solid mixture of lactam 6 (10 mg, 0.023 mmol), ruthenium precursor 4 (11 mg, 0.025 mmol) and K 2 CO 3 (3.5 mg, 0.025 mmol) was added freshly distilled DMF (1.0 mL) and the resulting suspension was purged with nitrogen for approximately 10 min. The reaction mixture was then heated to 80°C for 10 min in a microwave reactor (CEM Discover). The resulting yellow-orange solution was concentrated using high vacuum and coevaporated once with EtOAc. The crude material was subjected to silica gel chromatography with toluene/acetone (3:1). The combined product eluents were dried in vacuo to provide complex 20 (13 mg, 87%) as an yellow solid. 
þ 640.1537. Compound 1. To a vacuum-dried sample of complex 19 (23 mg, 0.036 mmol) was added freshly distilled THF (2.3 mL), and the resulting solution was purged with nitrogen while cooling to 0°C. Tetrabutylammonium fluoride (1 M solution in THF, dried over 4 Å molecular sieves) (47 μL, 0.047 mmol) was then added, and the reaction mixture immediately became a dark red suspension. Within 1 min, the reaction was quenched with excess saturated aqueous NH 4 Cl (orange color returns) and extracted with EtOAc. The combined organic layers were dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was then subjected to silica gel chromatography with CH 2 Cl 2 /MeOH (20:1). The combined product eluents were dried in vacuo to provide complex 1 (13 mg, 76%) as a light red solid. .7, 171.6, 155.3, 150.0, 149.4, 146.2, 144.9, 132.7, 128.9,  128.7, 124.0, 120.6, 120.2, 115.0, 114.9, 114.2, 108.4 
þ 506.0055. Compound 2. To a vacuum-dried sample of complex 20 (11 mg, 0.017 mmol) was added freshly distilled THF (1.1 mL). and the resulting solution was purged with nitrogen while cooling to -40°C. Ice-cold nitrogen-purged tetrabutylammonium fluoride (1 M solution in THF, dried over 4 Å molecular sieves) (19 μL, 0.019 mmol) was then added, and the reaction mixture immediately became a dark suspension. Within 1 min, the reaction was quenched with excess glacial acetic acid, and the resulting yellow solution was concentrated to dryness in vacuo. The crude material was then subjected to silica gel chromatography with CH 2 Cl 2 /MeOH (20:1). The combined product eluents were dried in vacuo to provide complex 2 (5.8 mg, 71%) as a yellow orange solid. 
þ 484.0233. Resolution of (R Ru )-1 and (S Ru )-1. Baseline separation of the enantiomers of half sandwich complex 19 was achieved using the Chiral Pak 1B analytical HPLC column (Daicel/Chiral Technologies). First, 19 was dissolved in a minimal amount of methylene chloride and carefully filtered. Then, each injection was run using an ethanol gradient of 20% to 80% over 20 min in hexanes. A flow rate of 0.7 mL/min was used, and injection volumes of approximately 50 μL could be reached without compromising baseline separation. Each enantiomer was then treated separately with TBAF to provide both (R Ru )-1 and (S Ru )-1. Retention of enantiomeric purity was confirmed using the same Chiral Pak 1B analytical HPLC column. For this, 10 mM stock solutions (R Ru )-1 and (S Ru )-1 in DMSO were diluted with an equal volume of ethanol and carefully filtered. Then, analytical injections (5 μL) were run using an ethanol gradient of 50% to 95% over 20 min in hexanes with a flow rate of 0.7 mL/min. (R Ru )-1 and (S Ru )-1 were determined to be 99% and 98% enantiopure, respectively. Absolute configurations were assigned by CD-spectroscopy (see Supporting Information).
Resolution of (R Ru )-2 and (S Ru )-2. Baseline separation of the enantiomers of half sandwich complex 20 was achieved using the Chiral Pak 1B analytical HPLC column (Daicel/Chiral Technologies). First, 20 was dissolved in a minimal amount of methylene chloride and carefully filtered. Then, each injection was run using an acetone gradient of 25% to 75% over 20 min in hexanes. A flow rate of 0.7 mL/min was used and injection volumes of approximately 50 μL could be reached without compromising baseline separation. Additionally, a detection wavelength of 470 nm was used to avoid acetone absorption.
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Each enantiomer was then treated separately with TBAF to provide both (R Ru )-2 and (S Ru )-2. Retention of enantiomeric purity was confirmed using the same Chiral Pak 1B analytical HPLC column. First, 10 mM stock solutions (R Ru )-2 and (S Ru )-2 in DMSO were diluted with an equal volume of ethanol and carefully filtered. Then, analytical injections (5 μL) were run using an acetone gradient of 40% to 75% over 2 h in hexanes with a flow rate of 0.7 mL/min and a detection wavelength of 470 nm. (R Ru )-2 and (S Ru )-2 were determined to be 99% and 98% enantiopure, respectively. Absolute configurations were assigned by CD-spectroscopy (see Supporting Information).
5-(Triisopropylsilyloxy)indole (22). 27 A solution of 5-benzyloxyindole (2.50 g, 11.2 mmol) in EtOAc (100 mL) was purged with nitrogen for 15 min. Following thorough nitrogen purge, palladium (10 wt % on activated carbon, dry) (2.50 g) was added, and the reaction mixture was carefully purged with hydrogen gas for approximately 10 min. The reaction mixture was then stirred at room temperature under an atmosphere of hydrogen, monitoring by thin layer chromatography. After 45 min, the resulting dark reaction mixture was filtered through Celite with EtOAc, and the filtrate concentrated to dryness in vacuo. The resulting light yellow solid was then redissolved in DMF (40 mL) and purged with nitrogen while cooling to 0°C. Then, N,N-diisopropylethylamine (9.70 mL, 56.0 mmol) was added dropwise. After stirring for 10 min at 0°C, triisopropylsilyl trifluoromethanesulfonate (3.0 mL, 11.2 mmol) was added dropwise over 15 min, and the reaction mixture was stirred at room temperature for an additional 1 h. The reaction mixture was cooled to 0°C, and excess 1 M NH 4 OAc was carefully added. The mixture was then further diluted with water and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was subjected to a short flash column using only CH 2 Cl 2 . The combined product eluents were dried in vacuo to provide indole 22 (2.85 g, 87% over 2 steps) as a clear oil.
1 H NMR consistent with literature reported spectrum. 27 1-(tert-Butoxycarbonyl)-5-(triisopropylsilyloxy)indole (23). A solution of indole 22 (2.85 g, 9.86 mmol) in THF (7.3 mL) was purged with nitrogen while cooling to 0°C. To the solution was added di-tert-butyl dicarbonate (2.39 mL, 10.4 mmol) followed by the careful addition of solid (dimethylamino)pyridine (1.44 g, 10.4 mmol). The resulting yellow suspension was stirred overnight, naturally warming to room temperature. The reaction mixture was cooled to 0°C, and 1 M HCl (7 mL) was carefully added. After stirring at room temperature for 5 min, the organic layer was separated, and the aqueous layer was extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (20:1). The combined product eluents were dried in vacuo to provide 23 (3.76 g, 98%).
1 H NMR (300 MHz, CDCl 3 ): δ (ppm) 7.95 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 3.6 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 6.88 (dd, J = 8.9, 2.5 Hz, 1H), 6.45 (d, J = 3.7 Hz, 1H), 1.66 (s, 9H), 1.33-1.21 (m, 3H), 1.11 (d, J = 6.9 Hz, 18H). 13 2 mL) . Following the addition of triisopropyl borate (2.73 mL, 11.8 mmol), the reaction mixture was cooled to 0°C, and lithium diisopropylamide (2.0 M solution in heptane/tetrahydrofuran/ethylbenzene) (5.9 mL, 11.8 mmol) was added dropwise over 1 h. After stirring for an additional 30 min at 0°C, 2 M HCl (20 mL) was carefully added and allowed to stir at room temperature for 10 min. The resulting layers were separated, and the aqueous layer was extracted using EtOAc. The combined organic layers were dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo to provide 1-(tert-butoxycarbonyl)-5-(triisopropylsilyloxy)indol-2-yl-boronic acid as an orange foam, which due to instability was converted to the trifluoroborate 24 by reacting with KHF 2 (5.7 mL, 4.5 M in water) in MeOH. 00 g, 3 .61 mmol), tetrakis(triphenylphosphine)palladium(0) (416 mg, 0.36 mmol), and Na 2 CO 3 (1.05 g, 9.93 mmol) was added freshly distilled anhydrous THF (20 mL). After purging with nitrogen for 15 min, the reaction mixture was heated to reflux overnight. The resulting orange reaction mixture was cooled to room temperature, diluted with water, and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and purified by chromatography using hexanes/EtOAc (10:1). The combined product eluents were dried in vacuo to provide compound 26 (1.17 g, 78%) as a white solid.
1 H NMR (300 MHz, CDCl 3 ): 9.71 (s, 1H), 9.22 (s, 1H), 8.10 (s, 1H), 7.94 (d, J = 8.1 Hz, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.68 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.54 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.25 (d, J = 8.6 Hz, 1H), 7.14 (d, J = 2.3 Hz, 1H), 7.00 (dd, J = 2.1, 0.9 Hz, 1H), 6.84 (dd, J = 8.7, 2.3 Hz, 1H), 1.37-1.25 (m, 3H), 1.15 (d, J = 6.9 Hz, 18H). 13 
þ 417.2355. Compound 27. A solution of isoquinolinyl-indole 26 (750 mg, 1.80 mmol) in freshly distilled THF (4.7 mL) was prepared after drying 26 under high vacuum. After cooling the solution to -15°C, lithium bis(trimethylsilyl)amide (1 M solution in hexanes) (5.4 mL, 5.4 mmol) was added dropwise over 15 min, and the resulting orange solution was stirred at -15°C for an additional 45 min. A solution of vacuum-dried maleimide 10 (697 mg, 1.89 mmol) in freshly distilled THF (4.7 mL) cooled to 0°C was added, and the reaction mixture was stirred at -15°C for 20 min and room temperature overnight. The resulting dark purple reaction mixture was carefully poured into stirring icecold water (200 mL) and extracted with EtOAc. The combined organic layers were washed with brine, dried using Na 2 SO 4 , (27) Kondo, Y.; Kojima, S.; Sakamoto, T. J. Org. Chem. 1997, 62, 6507-6511.
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filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (10:1 to 8:1). The combined product eluents were dried in vacuo to provide the unstable monobromide 27 (1.0 g, 79%) as an orange solid. 1 (800 mg, 1.14 mmol) in toluene (250 mL) was irradiated with a medium pressure Hg lamp using an uranium filter (50% transmission at 350 nm) for 4 h with constant nitrogen flow through the reaction mixture. The resulting bright orange suspension was concentrated to dryness in vacuo, adsorbed onto silica gel, and subjected to silica gel chromatography with hexanes/EtOAc (6:1 to 3:1). The combined product eluents were dried in vacuo to provide heterocycle 28 (610 mg, 86%) as a yellow solid. 1 A solution of imide 28 (135 mg, 0.217 mmol) in THF-MeOH (1:1) (14 mL) was cooled to 0°C. Sodium borohydride (16 mg, 0.421 mmol) was added every hour for a total of 5 h, and the stirred reaction mixture was then allowed to naturally warm to room temperature overnight. The reaction mixture was again cooled to 0°C, carefully quenched with addition of saturated aqueous NH 4 Cl, and further diluted with water and extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography with hexanes/EtOAc (6:1 to 3:1) to provide a yellow solid. A yellow suspension of this solid (100 mg) in CH 2 Cl 2 (9.0 mL) containing 0.1% ethanol was cooled to 0°C, trifluoroacetic acid (1.0 mL) was then carefully added, and the resulting orange solution was stirred at 0°C for 15 min. The reaction mixture was then carefully quenched with saturated aqueous NaHCO 3 and extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. A suspension of the crude material in CH 2 Cl 2 (10 mL) was purged with nitrogen for 15 min. Phenylselenol (68 μL, 0.640 mmol) followed by trifluoroacetic acid (18.4 μL, 0.240 mmol) were added, and the resulting dark orange solution was heated to reflux for 5 h. The reaction mixture was cooled to room temperature, carefully quenched with saturated aqueous NaHCO 3 , and extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried using Na 2 SO 4 , filtered, and concentrated to dryness in vacuo. The crude material was adsorbed onto silica gel and subjected to silica gel chromatography first with hexanes/EtOAc (3.5:1) and followed using CH 2 Cl 2 /MeOH (80:1). The combined product eluents were dried in vacuo to provide lactam 29 (51 mg, 47% over 3 steps) as a light yellow solid. The constitution of 29 was confirmed by ROESY analysis. 1 H NMR (300 MHz, DMSO-d 6 ): δ (ppm)
